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Density functional theory calculations reveal that addinga metallic overlayer on LaAlO3/SrTiO3(001) alters
significantly the electric field within the polar LaAlO3 film. For Al or Ti metal contacts the electric field is elim-
inated, leading to a suppression of the thickness-dependent insulator-to-metal transition observed in uncovered
films. Independent of the LaAlO3 thickness, both the surface and the interface are metallic,with an enhanced
carrier density at the interface relative to LaAlO3/SrTiO3(001) after the metallization transition. Monolayer
thick contacts of Ti develop a finite magnetic moment and for athin SrTiO3 substrate induce a spin-polarized
two-dimensional electron gas at then-type interface, due to confinement effects in the SrTiO3 slab. For tran-
sition and noble metal contacts (Cu, Ag, Au) a finite and even enhanced (Au) internal electric field develops
within LaAlO3. Results for a representative series of metallic overlayers on LaAlO3/SrTiO3(001) (Na, Al; Ti,
Fe, Co, Pt; Cu, Ag, Au) reveal broad variation of band alignment, size of Schottky barrier and carrier concentra-
tion at the LaAlO3/SrTiO3(001) interface. The identified relationship to the size of work function of the metal
on LaAlO3 provides guidelines how the carrier density at the LaAlO3/SrTiO3 interface can be controlled by the
choice of the metal contact.

PACS numbers: 73.20.-r,71.30.+h,73.40.Qv,77.55.-g

I. INTRODUCTION

The (001) interface between the band insulators LaAlO3

(LAO) and SrTiO3 (STO) provides remarkable examples
of novel functionalities that can arise at oxide inter-
faces, including a two-dimensional electron gas (2DEG)1,
superconductivity2, magnetism3 and even signatures of their
coexistence4–6. A further intriguing feature is the thickness-
dependent transition from insulating to conducting behavior
in thin LaAlO3 films on SrTiO3(001) at∼ 4 monolayers
(ML) LAO 7. This insulator-to-metal transition (MIT) can be
controlled reversibly via an electric field, e.g. by an atomic
force microscopy (AFM) tip8–10 or by an additional STO
capping layer that can trigger the MIT already at 2 ML of
LAO and thereby stabilize an electron-hole bilayer11. Den-
sity functional theory calculations (DFT) have demonstrated
the emergence of an internal electric field for thin polar LAO
overlayers12–15that is partially screened by a strong lattice po-
larization in the LAO film13,16. This lattice screening allows
several layers of LAO to remain insulating before an elec-
tronic reconstruction takes place at around 4-5 monolayers
of LAO. Recent AFM experiments provide evidence for such
an internal field in terms of a polarity-dependent asymmetry
of the signal17, but x–ray photoemission studies18–20have not
been able to detect shifts or broadening of core-level spectra
that would reflect an internal electric field. This discrepancy
implies that besides the electronic reconstruction, extrinsic ef-
fects play a role, e.g. oxygen defects21,22, adsorbates such as
water or hydrogen23 or cation disorder24,25 (for detailed re-
views on the experimental and theoretical work see14,26–28).

The LAO/STO system is not only of fundamental scientific
interest, but is also a promising candidate for the development
of electronics and spintronics devices29,30. For its incorpora-
tion in such devices the influence of metallic leads needs to be
considered31–33. Metallic overlayers have been investigated
on a variety of perovskite surfaces, such as SrTiO3(001)34,35,

LaAlO3(001)36,37 or BaTiO3(001)38,39. A further area of re-
search is the magnetoelectric coupling between ferromagnetic
Fe and Co films and ferroelectric BaTiO3 and PbTiO3(001)-
surfaces40,41. However, the impact of a metallic overlayer on
a buried oxide interface has not been addressed so far theoret-
ically.

Density functional theory calculations for Ti as an example
for a conventional metal contact, show that it not only pro-
vides a Schottky barrier, but also has a crucial influence on
the electronic properties of LAO/STO(001) as it removes the
internal electric field in the LAO film. Despite the lack of
a potential build up in the LAO layers, the underlying STO
layer is metallic with a significantly enhanced carrier concen-
tration at then-type interface as compared to the system with-
out metallic contact. Although bulk Ti is nonmagnetic, the un-
dercoordinated Ti in the contact layer shows an enhanced ten-
dency towards magnetism with a significant spin polarization
and a magnetic moment of 0.60µB. Most interestingly, quan-
tum confinement within the STO-substrate can induce spin-
polarized carriers at the interface. Furthermore, the influence
of the Ti contact layer thickness and the thermodynamic sta-
bility are addressed.

Besides Ti in Section IV we extend our study to a variety
of metallic contacts: Al and Na as simple metals; Fe, Co and
Pt to supplement the Ti study and show the variations occur-
ring within the class of transition metals and finally, the no-
ble metals Cu, Ag, and Au, that display a remarkably differ-
ent behavior. These results demonstrate that the properties of
LAO/STO(001) can be tuned by the choice of metal contact
and we identify the mechanisms associated with these broad
variations in characteristics.
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II. CALCULATIONAL DETAILS

DFT calculations onnM /mLAO/STO(001) were per-
formed using the all-electron full-potential linearized aug-
mented plane wave (FP-LAPW) method in the WIEN2k
implementation42 and the generalized gradient approxima-
tion (GGA)43 of the exchange-correlation potential. Here
n/m denotes the number of metallic overlayer/monolayers of
LAO andM is the type of metallic contact. We have tested
the influence of an on-site Coulomb correction within the
LDA/GGA+U approach44 with U = 5 eV andJ = 1eV ap-
plied on the Ti3d-states within STO andU = 7 eV on the La
4f states and found only small differences in the electronic
behavior (see Section III). In order to avoid the emergence
of a spurious electric field due to the periodic boundary con-
ditions, we have chosen a symmetric slab with LAO and Ti
layers on both sides of the STO-substrate and a vacuum re-
gion between the slab and its periodic images of at least10Å.
The lateral lattice parameter is set to the GGA equilibrium
lattice constant of STO (3.92̊A, slightly larger than the ex-
perimental value 3.905̊A) and the atomic positions are fully
relaxed within tetragonal symmetry. To investigate the influ-
ence of the STO-substrate thickness we have used two cases
with 2.5 ML and 6.5 ML STO (denoted as thin and thick).
As will be shown below, we observe interesting effects due to
confinement in the STO part of the slab.

III. INFLUENCE OF A TI CONTACT ON LAO/STO(001)

A. Thin STO substrate: quantum confinement effects

Fig. 1a shows the layer resolved density of states
(LDOS) of a single Ti overlayer on 4ML LAO/STO(001)
[1Ti/4LAO/STO(001)], where the Ti atoms are adsorbed on
top of the oxygen ions in the surface AlO2 layer. A striking
feature is that the electric field of the uncovered LAO film
(black line), expressed in an upward shift of the O2p bands
and unoccupied La4f states13, is eliminated after the adsorp-
tion of the Ti overlayer. In contrast to the insulator-metaltran-
sition that occurs in the uncovered LAO/STO(001), no depen-
dence of the electronic properties on the LAO thickness is ex-
pected due to the vanishing electric field within the LAO layer.
Indeed the LDOS of 1Ti/2LAO/STO(001) (Fig. 1b, only 2
LAO layers) confirms a very similar behavior with no shifts
of the O2p bands in the LAO part. Despite the lack of a po-
tential build up, there is a considerable occupation of the Ti 3d
band at the interface and thus both the surface Ti layer and the
interface are metallic. This points to a charge transfer from the
Ti adlayer allowing the Ti+LAO+STO system to equilibrate in
charge and potential, with the result being that the Fermi level
lies just within the STO conduction band.

The low coordination of the surface Ti atoms enhances their
tendency towards magnetism resulting in a magnetic moment
of 0.60µB in the surface layer. The electron gas at the inter-
face is also spin-polarized with magnetic moments sensitive to
the thickness of the LAO-spacer: formLAO = 4 the magnetic
moments are smaller (0.05/0.11µB in the interface (IF)/IF-1

a)

b)

FIG. 1: (Color online) Layer resolved density of states (LDOS) of
a) 1Ti/4LAO/STO(001) and b) 1Ti/2LAO/STO(001) ( with thin STO
substrate). The potential build up in the uncovered systems(black
line) is canceled in the ones with a Ti overlayer (filled area). Addi-
tionally, there is a significant spin-polarization both in the surface Ti,
as well as the interface TiO2 layers in 1Ti/NLAO/STO(001).

layer) than formLAO = 2 (0.10/0.24µB in IF/IF-1). Cal-
culations performed within GGA+U for the latter case show
a similar behavior but with an enhanced spin-polarization of
carriers and magnetic moments of Ti of 0.20/0.30µB in the
IF/IF-1 layer, respectively. Thus correlation corrections have
only small influence on the overall band alignment, showing
that the observed behavior is not affected by the well known
underestimation of band gaps of LDA/GGA.

B. Thick STO substrate: orbital polarization of carriers

The calculations so far were performed with a rather thin
substrate layer of 2.5 ML STO. To examine the depen-
dence on the thickness of the substrate layer, we studied
1Ti/2LAO/STO(001) containing a 6.5 ML thick STO part. As
shown in Fig. 2a, the most prominent difference to the system
with a thin STO layer is the suppression of magnetic moment
of carriers at the interface, indicating that the spin-polarization
is a result of confinement effects in the thin STO layer. Apart
from this, a notable band bending occurs in the STO part of
the heterostructure. The largest occupation of the Ti3d band
arises at the LAO/STO(001) interface, followed by a decreas-
ing occupation in deeper layers. The electron density, inte-
grated over states between EF − 0.5eV and EF in Fig. 2b,
reveals orbital polarization of the Ti3d electrons in the con-
duction band with predominantlydxy character in the inter-
face layer, nearly degeneratet2g occupation in IF-1, and a
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FIG. 2: (Color online) a) Layer resolved density of states (LDOS)
of 1Ti/2LAO/STO(001) within GGA with a 6.5ML thick STO-
substrate; b) Side view of the system with the electron density in-
tegrated in the interval EF − 0.5eV to EF, giving insight into the Ti
3d orbital occupation both at the surface and within SrTiO3.

preferential occupation ofdxz , dyz levels in the deeper layers.
The band structure plotted in Fig. 6 shows that the conduction
band minimum is at theΓ-point, formed bydxy states of Ti in
the interface TiO2-layer. While thedxy bands have a strong
dispersion, thedxz, dyz bands lie slightly higher in energy but
are much heavier along theΓ − X direction. In addition to
the orbital polarization of the filled bands, the different band
masses indicate a significant disparity in mobilities of elec-
trons in the differentt2g orbitals. Similar multiple subband
structure has been recently reported for LAO/STO superlat-
tices45,46, δ-doped LAO in STO47 as well as doped STO(001)-
surfaces48,49. The remaining bands between -2.5eV and EF

are associated with the surface Ti-layer.

C. Effect of the Ti-contact layer thickness

In order to explore the effect of metallic contact thickness
n we have performed calculations varying the Ti-amount in
the contact layer between 0.5 and 3 ML. The layer resolved
DOS for those cases is shown in Fig. 3. While the over-
all band alignment within LAO/STO(001) remains nearly un-
changed, the main effect observed is the broadening of the
Ti-bands in the contact layer asn increases. The enhanced
coordination number within the contact layer influences sig-
nificantly the tendency towards spin-polarization: the highest
spin-polarization is observed for 0.5ML Ti (1.11µB), followed
by 1ML Ti (0.60µB) (for comparison, the magnetic moment
of a free standing Ti layer is 0.90µB). Increasing the thickness
of Ti to 2 ML (with Ti in the second layer positioned above
Al in the surface AlO2-layer and La in the subsurface LaO-
layer) leads to a significant reduction of the spin-polarization
of the Ti film: the magnetic moment is 0.25µB in the surface
and -0.10µB in the subsurface layer. Finally, in the 3ML-thick

FIG. 3: (Color online) Layer resolved density of states (LDOS)
of 0.5, 2 and 3 ML To on 2LAO/STO(001) within GGA with a
6.5ML thick STO-substrate, showing similar band alighmentas for
1Ti/2LAO/STO(001) (cf. Fig. 2) as well as a reduction of spin-
polarization of Ti in the contact layer with increasing thickness.

contact the magnetization of Ti is quenched.
The Ti-O bond length reflects the bonding strength between

the contact layer and the oxide and varies with thickness: the
shortest Ti-O bond length is in 0.5 ML Ti/2LAO/STO(001)
(1.87Å), followed by 1 ML Ti (2.00Å) and much longer in 2
and 3 ML Ti on 2LAO/STO(001) ( 2.06̊A and 2.05Å, respec-
tively). Despite these differences in the structural and mag-
netic properties of the metallic overlayer, the occupationof
the Ti3d band at the interface is very similar (cf. Fig. 4b), but
decreases quicker in deeper layers within STO for 2 ML Ti.

An interesting effect concerns the structural relaxationsin
LAO/STO(001) upon deposition of the metal overlayer. The
layer resolved anion-cation buckling is shown in Fig. 4a. As
mentioned above, the system without electrodes (orange line)
exhibits a strong lattice polarization within LAO, dominated
by an outward relaxation of the cations, and a negligible po-
larization within the STO-substrate13. Adding the Ti overlayer
cancels the lattice polarization within LAO, but a significant
polarization emerges within STO which is strongest at the in-
terface and decreases in deeper layers. The formation of a
dipole in STO goes hand in hand with the occupation/band-
bending of the Ti3d bands displayed in Fig. 4b and Fig. 3,
respectively. Furthermore, the layer resolved occupationof
the Ti3d band correlates with the positions of O1s core levels
with respect to the Fermi level (cf. Fig. 4c). The lowest O1s
eigenvalue occurs at the interface, with the strongest binding
energy in the case of a Ti monolayer with a thin STO substrate
(occupation of0.2e of the Ti3d orbitals). In the systems with
a thick STO-substrate the O1s levels in deeper layers away
from the IF shift upwards and converge to a similar value in-
dicative of the relaxation of the inner potential towards the
bulk STO value.

Thermodynamic stability.Besides the electronic properties
of Ti contacts an important aspect is whether the surface will
be wetted by the metallic overlayer. We find that the ordered
surface distribution of 0.5 ML Ti is energetically stronglydis-
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FIG. 4: (Color online) a) Cation-anion buckling∆z in
nTi/2LAO/STO(001),n=0.5-3 ML. Note that the strong lattice po-
larization within LAO for 3 and 4 ML LAO/STO(001) is strongly
suppressed once the metallic contact is added; b) Layer resolved Ti
3d band occupation integrated betweenEF − 0.65 eV andEF for
M /2LAO/STO(001) 1ML Ti and thin (green stars)/thick STO sub-
strate (black squares); 2ML Ti (magenta diamonds), as well as 1ML
Pt (blue triangles) and 1ML Al (red circles). b) Positions ofO1s

states with respect toEF . In 0.5 ML Ti, there are two different oxy-
gen sites in the top AlO2 layer with and without Ti on top that exhibit
different properties.

favored by 1.84 eV with respect to the formation of 1ML high
Ti islands covering 50% of the surface. On the other hand the
formation of a closed 1ML Ti film is 0.54 eV less stable than
the formation of 2ML islands on the LAO/STO(001) surface.
No further energy gain is obtained for the growth of higher,
e.g. 3ML islands, indicating that already the 2ML islands are
thermodynamically stable. We note that using state-of-the-art
techniques like molecular beam epitaxy and pulsed layer de-
position it is possible to grow metal monolayers away from
thermodynamic equilibrium.

IV. TRENDS FOR DIFFERENT METALLIC CONTACTS

Besides Ti, we have extended our study to a variety of
metallic contacts ranging from simple metals as Al and Na,
to transition metals (Fe, Co, Pt) and noble metals (Cu, Ag and
Au). The results are summarized in Table I and displayed in
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FIG. 5: (Color online) Layer resolved DOS ofM /2LAO/STO(001),
M=Al, Fe, Co, Cu, Ag, Pt and Au monolayer thick contacts. Note
that the internal electric field in the LAO film is canceled forNa
and Al, strongly suppressed but increasing in the series from Fe to
Pt and significantly enhanced compared to the uncovered film for an
Au contact.
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FIG. 6: Majority-spin band structures for Al, Ti, Fe, Co, Cu,Ag, Pt
and Au contacts. The Ti3d bands in the interface TiO2-layer are em-
phasized by circles with thedxy orbital being the lowest lying level
atΓ. The highest occupation of the Ti3d band at the LAO/STO(001)
interface is observed for an Al contact and decreases in the series.
Finally, for Au it lies even above the Fermi level.

Figs. 5-7. While the most striking behavior seen for the Ti
contact – strong reduction, in fact almost perfect cancellation
of the electric field within LAO and a formation of a 2DEG at
the LAO/STO interface – might be expected for all electrodes,
we will demonstrate broad variation in these features.

Variation in the spectrum. The LDOS plots in Fig. 5 show
that the potential buildup within LAO is eliminated for Al as
was found for Ti. For the case of Fe there is a small elec-
tric field in LAO, visible in upward shifts of the empty La
4f bands in subsequent layers towards the surface, which be-
comes successively larger for Co and Pt (and of the same sign
as for the uncapped LAO surface). Note that in these systems
the O2p bands within LAO do not shift, instead metal induced
gap states appear in the topmost AlO2 layer. Evidently there
is no necessity for a vanishing electric field in LAO. For Cu,
Ag and especially for Au contacts, the field in LAO is large.
For Au it is evenlarger than for the uncovered surface (0.85
vs. 0.65 eV per LAO cell). Thus the metal contact layer need
not eliminate the field in LAO; it most often reduces it, some-
times strongly; in contrast, for Au, the internal field in LAOis
enhanced.

Carriers at the interface. The highest Ti3d band occu-
pation (largest electronic carrier density) at the interface (see
Fig. 7b) is found for an Al contact, followed by Ti, Fe, Co,
Cu and Pt contacts, and then Ag exhibits the lowest occupa-
tion. The system with an Au contact is an exception as the Ti
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FIG. 7: a) Cation-anion buckling∆z in M /2LAO/STO(001). Note
that the strong lattice polarization within LAO for 3 and 4 ML
LAO/STO(001) is strongly suppressed once the metallic contact is
added; b) Layer resolved Ti3d band occupation integrated between
EF − 0.65 eV andEF for M /2LAO/STO(001) 1ML Ti and thin
(green stars)/thick STO substrate (black squares); 2ML Ti (magenta
diamonds), as well as 1ML Pt (blue triangles) and 1ML Al (red cir-
cles). Note that charge on the AlO2 layer next to the interface is
nearly vanishing in all cases, charge on the AO layers is zero(not
shown). b) Positions of O1s states with respect toEF .

3d band at the interface remains above the Fermi level (see
Fig. 6). With the Fermi level of Au within the STO gap,
charge transfer between Au and the interface is precluded.
The Au contact provides the limiting case of vanishing charge
exchange between metal and interface, though the surface and
the interface may still be coupled in other ways,i.e. through
the potentials, which depend on band lineups and dipole lay-
ers.

As mentioned already for Ti contacts, the trends in Ti3d
band occupation within STO correlate with the position of O
1s states: The O1s binding energy is highest in the interface
TiO2-layer in case of an Al contact and lowest for an Au con-
tact (cf. Fig. 7c). These quantitative differences are associated
with variations in the chemical bond between the metal over-
layer and the surface AlO2 layer: e.g.the bonding is strongly
ionic in the case of Na and Al with a significant charge trans-
fer from the metal to O and is much weaker for a Cu, Pt, Ag
and Au overlayer. There is also a sizable change in bond dis-
tances within the series from 1.97Å (Al) to 3.05Å (Au) (see
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TABLE I: Properties ofnM /2LAO/STO(001) withn ML of metallic
contactM : Bond length distancedM−O between the metallic con-
tact and oxygen in the top AlO2 layer, buckling∆z and Ti3d band
occupationnIF

occ in the interface TiO2 layer (within the muffin-tin
sphere integrated between EF − 0.5eV to EF); total occupation of
the Ti 3d band throughout STOntot

occ; work functionΦ andp-type
Schottky barrier ofnM /2LAO/STO(001).

nM dM−O ∆z Å nIF
occ (e) ntot

occ (e) Φ (eV) p-SBH
1Na 2.43 -0.12 0.05 0.22 3.39 2.3
1Al 1.97 -0.20 0.15 0.38 3.53 3.0
1Ti 2.00 -0.19 0.13 0.41 4.05 2.8
1Fe 2.02 -0.14 0.08 0.32 4.54 2.4
1Co 2.00 -0.11 0.07 0.30 4.74 2.3
1Pt 2.31 -0.08 0.04 0.16 5.59 2.2
1Cu 2.16 -0.07 0.03 0.18 5.36 2.2
1Ag 2.64 -0.04 0.02 0.12 5.02 1.8
1Au 3.05 0.00 0.00 0.01 5.94 0.8
0.5Ti 1.87 -0.14 0.11 0.38 2.96 2.5
1Ti 2.00 -0.19 0.13 0.41 4.05 2.8
2Ti 2.06 -0.18 0.12 0.16 4.05 2.8
3Ti 2.05 -0.17 0.13 0.47 4.37 2.8

LaAlO3
SrTiO 3

M

SrTiO 3 LaAlO3

E
F

b)a)

Φ

p-SBH

n-SBH

FIG. 8: Schematic band diagram of a) LAO/STO(001) at the verge
of an electronic reconstruction at the critical LAO thickness; b)
LAO/STO(001) covered by a metallic contact layer (M ). Note, that
the potential build up that leads to an electronic reconstruction in the
uncovered LAO/STO(001) system at the critical thickness isstrongly
reduced/eliminated inM /LAO/STO(001) except for the case of no-
ble metal electrodes.

also Table I) related to the size of the metal atom but also the
bond strength.

Magnetism. In contrast to the noble metals, for Pt the5d
band is not completely occupied, and a spin-polarization of
0.49µB results, as seen also in the case of Ti (0.60µB), another
transition metal that is not magnetic in bulk. It is not uncom-
mon for monolayers of even non-magnetic transition metals
to show surface magnetism, since the reduced coordination
narrows the bandwidth (seee.g.Ref.[50]). Analogously, the
magnetic moments of the Fe (2.94µB) and Co (2.01µB) mono-
layers are enhanced w.r.t. the bulk values. However, even for
these stronger magnets, when the STO substrate is thick no
noticeable spin-polarization is induced in the 2DEG .

Structural relaxations. As already discussed for
nTi/2LAO/STO(001) (see Section III), the presence of metal-

lic contacts affects significantly the structural relaxations in
LAO/STO(001). For the cases where the internal electric field
within LAO is canceled (Al, Ti), the anion-cation buckling
within LAO is small and of opposite sign to the uncovered film
(see Fig. 7). For Fe, Co, Cu, Pt∆z switches sign and succes-
sively grows. Finally, Ag and Au show a lattice polarization
within LAO of similar amount to the uncovered films. On the
other hand, the occupation of the Ti3d band at the LAO/STO
interface is associated with a significant polarization in the
STO substrate. The displacement between anions and cations
is driven mainly by an outward oxygen shift and is largest in
the interface TiO2 layer (−0.20Å for an Al or Ti contact and
vanishing for an Au contact) and decays in deeper layers away
from the interface. This relaxation pattern resembles the one
of n-type LAO/STO and LTO/STO superlattices51,52.

A. Schottky barrier height and work function

The distinct mechanisms of formation of a 2DEG in
LAO/STO(001) with and without a metallic contact are dis-
played in the schematic band diagram in Fig. 8. For
LAO/STO(001) a thickness dependent MIT occurs as a result
of the potential buildup, where the electronic reconstruction
comprises both formation of holes at the surface and electrons
at the interface11,13. In contrast, forM /LAO/STO(001) for
M = Na, Al, Ti, the potential in LAO is flat regardless of the
LAO or STO thickness. Simultaneously, a 2DEG with higher
carrier density is formed at the interface. For the late transition
metals and especially for the noble metals, due to a weaker
bonding and smaller/vanishing charge transfer to the oxide
layer, a finite slope within LAO remains, consistent with the
recently reported potential build up in Pt/LAO/STO(001)32.

The Schottky barrier height (SBH) between the metal and
the oxide film is an important quantity for electronics applica-
tions which depends critically on the type of metal, the chem-
ical bonding characteristics and the work function (seee.g.
Ref. [35]). Thep-SBH determined from the LDOS varies
from 3.0 eV (Al) to 0.8 eV (Au) (see Table I). The values
for Al (3.0 eV) and Pt (2.2) eV are close to DFT-values ob-
tained for Al and Pt on LAO(001)37 (2.8 and 1.5 eV, respec-
tively). We note that the absolute values of both thep- and
especially then-SBH are influenced by the band gap problem
of GGA as well as the LAO thickness of only 2 MLs, however
we concentrate here on the relative trends within the seriesof
different metal contacts which are correctly reproduced. The
conduction band offset between the contact and LAO (nSBH,
which can be obtained as a difference between the experimen-
tal band gap of LAO (5.6 eV) and thep-type SBH) scales with
the work function of the system that varies from 3.39 eV (Na)
to 5.94 eV (Au). The conduction band alignment between
LAO and STO whichis influenced by the formation of a Shot-
tky barrier betweenM and LAO and shows also a strong vari-
ation.
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V. EMERGENCE OF THE GLOBAL BAND LINEUP

This variation in the basic properties opens up the funda-
mental questions: what are the general principles and micro-
scopic process that determine the band line-ups? A notewor-
thy observation is that Au has the largest work function of
all the metals studied here (see Table I) and at the same time
produces the only case where the Fermi level lies within the
band gap of the STO. This suggests a picture how the over-
all electronic structure and band lineups emerge that is both
consistent and predictive: due to the large work function of
the Au contact, the Fermi level lies within the STO gap. As a
consequence, no charge transfers from the metal contact layer
to the interface and the potential buildup within LAO remains
unchanged, even increases due to secondary effects.

For lowerΦ, when theM layer is deposited, charge flows
from the metal layer to the interface, thereby filling the Ti3d
conduction band until theM Fermi level coincides with that
of the 2DEG at the IF. This rearrangement of charge can be
quantified. Ifq amount of charge per IF cell is transferred
from theM layer to the TiO2 layer at the IF – a distance of
around 2.5 LAO lattice parametersa – the change in potential
is ∆V = q × 2.5a/a2 ≈ 9.5 q eV. Fornocc listed in Table I
∆V is of the order of 0-3 eV and corresponds remarkably well
to the change in internal potential within LAO obtained self-
consistently as well as the variation in work function within
the class ofM contacts that has been studied.

As the Fermi levels in the system align, the dipole at the IF
is altered and band bending occurs within STO near the IF, as
well as some feedback on the Schottky barrier and the work
function. The lattice polarization within LAO that screensthe
internal field also reduces proportionally. While some sec-
ondary effects are difficult to quantify, the calculated results
are consistent, quantitatively, with this process of stabilization
of the overall band lineups and carrier densities. The basicde-
sign principle identified here is: use a low work function if a
high carrier density 2DEG at the IF is desired. V.v., the car-

rier density can be reduced by increasing the work function of
metalM on LAO to the limit of Au with itsΦ ≈ 6 eV, where
no carriers are transferred to the interface.

VI. SUMMARY

In summary, our DFT-results show that metallic contacts
ultimately change the electrostatic boundary conditions by al-
lowing transfer of charge to the interface. Despite analogies
to the adsorption of hydrogen on LAO/STO(001)23, there are
notable differences (e.g.the strong dependence of the poten-
tial slope on coverage in the latter system). These differences
emphasize not only the importance of the electrostatic bound-
ary conditions53 but also of a detailed knowledge of structural
effects and chemical bonding to LAO/STO(001) in order to
achieve better understanding and control device performance.
The mechanisms identified here demonstrate that the choice
of metal contact represents a further powerful means to tune
the functionality at the LAO/STO(001) interface. Important
outcomes of this study are in (i) predicting a broad variations
in behavior at theM /LAO/STO(001) system for a representa-
tive series of simple, transition and noble metals used as elec-
trodes, and (ii) identifying the theM /LAO work function as
primary characteristic responsible for this variation.
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